which is frequently associated with metabolic syndrome, (6) has an increased prevalence among HIVmonoinfected individuals as well. (7, 8) While NAFLD most commonly causes simple steatosis, it can also progress to nonalcoholic steatohepatitis, fibrosis, and/ or cirrhosis. (6) A recent meta-analysis reported that the prevalence of NAFLD (by imaging) was 35%, (7) compared with 25% in the general population. (9) Similarly, the prevalence of nonalcoholic steatohepatitis and fibrosis diagnosed by biopsy was 42% and 22%, respectively, (7) compared with the general population prevalence of 1.5% to 6.45% by biopsy (9) and 2.8% by noninvasive fibrotest, (10) respectively. The role of antiretroviral therapy (ART) in reducing or contributing to liver fibrosis progression in HIV-infected individuals is unclear. Studies have highlighted that traditional metabolic risk factors such as obesity, diabetes, and dyslipidemia (7, 11, 12) are important risk factors for NAFLD and that HIVspecific risk factors such as low CD4 count, high HIV viral load, and exposure to ART are associated with elevated liver enzymes (8) and fibrosis. (13, 14) In addition, specific ART agents have been shown to be associated with mitochondrial toxicity and insulin resistance (15, 16) as well as hepatotoxicity or druginduced liver injury. (8, 15, 17) As the majority of the participants in these studies were taking ART prior to study entry, there is insufficient evidence to support or reject earlier commencement of ART to specifically prevent liver disease.
The START (Strategic Timing of Antiretroviral Treatment) study (18, 19) was a randomized controlled study that enrolled ART-naïve HIV-positive adults with high CD4 counts (>500 cells/µL) and randomized them to receive ART at study enrollment (immediate treatment arm) or defer therapy until their CD4 counts fell below 350 cells/µL (deferred treatment arm). One of the aims of the START study was to evaluate liver disease among study participants at baseline and follow-up, using noninvasive markers of liver function such as alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase, bilirubin, and platelet count to assess for fibrosis. These measures can be used individually or in validated composite scores such as the AST to Platelet Ratio Index (APRI) (20) and Fibrosis-4 Index (FIB-4), (21) which have been used as noninvasive markers of liver fibrosis in various populations. (14, (22) (23) (24) (25) (26) In a substudy of 221 START trial participants with transient elastography results, 7.8% had significant liver fibrosis, while higher ALT, higher HIV RNA, and Hispanic/Latino ethnicity were associated with higher elastography scores. (27) In this study, our objective was to use APRI and FIB-4 to determine the prevalence of and risk factors for liver fibrosis among START study participants at baseline and follow-up and to assess for an effect of early versus delayed initiation of ART on progression of liver fibrosis over time.
Patients and Methods

StaRt StUDy popUlatIoN aND pRoCeDUReS
Participants were enrolled from April 2009 through December 2013 at 222 clinical sites in 35 countries. (18) Study visits were conducted at baseline, 1 month, 4 months, and every 4 months thereafter. The choice of ART regimen was determined by the clinician and the subject prior to randomization and was specified to include two nucleoside reverse transcriptase inhibitors plus either a nonnucleoside reverse transcriptase inhibitor, integrase strand transfer inhibitor, or a ritonavir-boosted protease inhibitor.
At baseline and follow-up, laboratory measures of HIV infection (CD4 count and HIV RNA) were collected and participants were asked about alcohol intake; current smoking; ART use; whether they had any history of comorbidities such as cirrhosis, hepatic steatosis, diabetes or alcohol and substance abuse; and whether they were using any hepatotoxic medications. All participants were tested for hepatitis B and C co-infections at baseline using hepatitis B surface antigen and hepatitis C antibody screening tests; diagnoses of hepatitis B and C during follow-up were reported. Serum glucose and measures of liver function including AST, ALT, total bilirubin, alkaline phosphatase, platelet count, albumin, and lipids were collected annually. Details on the START study design, randomization procedures, data collection, and sample size calculations have been previously published. (18, 19) 
FIBRoSIS SCoReS
Liver fibrosis was assessed using annual biomarkers to calculate two composite scores. The APRI (20) score is calculated using AST and platelet counts in the following formula: APRI = [AST level (IU/L) / AST upper limit of normal (IU/L) / platelet count (10 9 /L)] × 100. The APRI has a lower cutoff of ≤0.5 for predicting the absence of significant fibrosis (Ishak 0-2) and a higher cutoff of >1.5 for predicting the presence of significant fibrosis (Ishak 3-6). The FIB-4 score (21) is calculated using age, AST, ALT, and platelet count in the following formula:
The FIB-4 also has a lower cutoff of ≤1.45 for predicting the absence of advanced fibrosis (Ishak 0-3) and a higher cutoff of >3.25 (Ishak 4-6) for predicting the presence of advanced fibrosis.
StatIStICal aNalySIS
All HIV-positive START participants with available serum markers were included in this analysis. The association of baseline factors and fibrosis at baseline was examined using logistic regression models. All factors significant (P < 0.05) in univariate models were included in multivariate analyses. Even if not significant on univariate analysis, age, race, and gender were included in the multivariate models because these variables have been found to be important determinants of liver fibrosis in other studies. (5, 8, 14, 28) Analyses examining predictors of fibrosis during follow-up included participants without fibrosis at baseline and with at least one follow-up measurement available. Follow-up was censored at the last available measurement prior to May 15, 2015 , when an interim analysis led the data and safety monitoring board to recommend that the primary question of START had been addressed. Logistic regression models were used to examine predictors of fibrosis during follow-up, stratified by the number of measurements available per participant. In multivariate analyses for follow-up fibrosis, treatment group and all variables that were significant on univariate analysis for either treatment group or for the treatment groups combined were included.
Because the majority of our study participants had no evidence of significant fibrosis at baseline (i.e., most had APRI ≤ 0.5 and FIB-4 ≤ 1.45), and because these scores have shown higher accuracy at ruling out significant fibrosis using the lower cutoffs rather than ruling in significant fibrosis using the higher cutoffs, (23, 24) we report primarily on associations with a lack of significant fibrosis using the lower cutoffs. Therefore, we refer to scores of APRI > 0.5 and FIB-4 > 1.45 as being associated with an increased risk of fibrosis rather than confirmed fibrosis. Results of associations with the higher cutoffs (APRI > 1.5 and FIB-4 > 3.25) are reported in the online supporting information.
We used time-to-event methods, including Kaplan-Meier survival curves and Cox proportional-hazards models, to compare the two treatment groups for the following outcomes: increased fibrosis (APRI > 0.5 or FIB-4 > 1.45), confirmed significant fibrosis (APRI > 1.5 or FIB-4 > 3.25), hepatic flare, hepatitis, and normalization of elevated APRI and FIB-4 scores. Hepatic flare was defined as an ALT greater than five times the upper limit of normal (30 for men and 19 for women). Change in APRI and FIB-4 over follow-up by treatment group and prespecified ART was examined using longitudinal mixed models with random intercepts including the following in the model: treatment group; visit; baseline value; an indicator for prespecified protease inhibitor versus nonnucleoside reverse transcriptase inhibitor; and an interaction term for treatment group and prespecified ART.
Statistical analyses were performed using SAS software, version 9.3 (SAS Institute Inc, Cary, NC), and figures were created using R software, version 3.2.
HUMaN SUBJeCtS
Informed consent was obtained in writing from each participant prior to study enrolment. The study protocol and associated documents were reviewed and approved by the appropriate institutional review board at each recruitment site.
Results
BaSelINe CHaRaCteRIStICS oF StUDy paRtICIpaNtS
In total, 4,684 HIV+ participants were enrolled into the START study. (18) Of these, 104 did not have APRI or FIB-4 results at study entry, resulting in 4,580 participants that were included (2,273 in the immediate arm and 2,307 in the deferred arm). The median age was 36 years, 26.9% of participants were female, 43.9% were white, 30.4% were black, and the median body mass index was 25 (Table 1) . Forty-five percent reported current or prior smoking, and 31.5% reported drinking one or more days per week, but only 3.3% had a diagnosed history of alcoholism or substance dependence. Few participants were co-infected with hepatitis C (3.7%) or hepatitis B (2.8%), and very few had known chronic liver disease (0.3%), hepatic steatosis (0.2%), or diabetes (2.6%). Just over 2% were on HMG-CoA reductase inhibitors (statins), and 1.3% were on anti-tuberculosis medications.
The median CD4 count was 651 cells/mm 3 , and 5.3% of participants had HIV RNA ≤ 200 copies/mL prior to ART initiation. Median AST and ALT were 25 (interquartile range 20, 31) and 24 (interquartile range 17, 34), respectively ( Table 1) . Grade 1 or higher abnormal laboratory values were found in 26.3% for ALT, 6.0% for AST, 1.9% for platelets, 0.6% for albumin, and 6.5% for bilirubin. Median FIB-4 score was 0.79 (interquartile range 0.58, 1.07) and median APRI was 0.27 (0.21, 0.37). Overall, 84.4% of participants had no significant fibrosis by either FIB-4 or APRI score, and 94.4% of participants had no significant fibrosis by both FIB-4 and APRI scores (Fig. 1) . Of note, low proportions of participants had intermediate scores (FIB-4 > 1.45 and ≤ 3.45; APRI > 0.5 and ≤ 1.5), by either APRI or FIB-4 (14.5%) or both APRI and FIB-4 (5.3%), and a very small proportion had confirmed significant fibrosis (APRI > 1.5 and FIB-4 > 3.25) by either APRI or FIB-4 (1.1%) or both APRI and FIB-4 (0.3%). There were no significant differences in baseline APRI or FIB-4 scores between participants randomized to the immediate treatment arm compared with the deferred treatment arm (data not shown).
FaCtoRS aSSoCIateD WItH HaVINg FIBRoSIS at BaSelINe
Univariate and multivariate analyses of factors associated with having an APRI > 0.5 or FIB-4 > 1.45 at baseline are shown in Table 2A and 2B, respectively (factors associated with having an APRI > 1.5 or FIB-4 > 3.25 are shown in the Supporting Tables S1A and S1B, respectively). On multivariate analysis, using a cutoff of APRI > 0.5 or FIB-4 > 1.45, black race, being from a high-income country, co-infection with hepatitis, lower CD4 count, and history of liver disease were significantly associated with having an increased risk of fibrosis at baseline by both measures.
Older age, having higher ALT, and having lower LDL were associated with having an increased risk of fibrosis by APRI only, and male gender, having lower albumin, having higher total cholesterol, and having higher HDL were associated with having an increased risk by FIB-4 only.
DeVelopMeNt oF INCReaSeD RISK oF FIBRoSIS oVeR tIMe
An increased risk of fibrosis during study follow-up, defined as developing either APRI > 0.5 or FIB-4 > 1.45 after having no fibrosis by either marker at (Fig. 3A) . Because some participants in the deferred therapy arm started ART after enrolment, we also analysed the risk of developing increased fibrosis scores (APRI > 0.5 or FIB-4 > 1.45) while censoring deferred therapy arm participants when they started ART, as a sensitivity analysis, and found no significant change in our results (OR 0.62, 95% CI 0.52-0.74, P < 0.0001). The proportion of participants who developed significant fibrosis (APRI > 1.5 or FIB-4 > 3.25) during follow-up is shown in the Supporting Table S2 . Univariate and multivariate analyses of predictors of the development of increased risk of fibrosis during follow-up are shown by treatment arm and by treatment groups combined in Tables 3A (APRI > 0.5) and 3B (FIB-4 > 1.45). Factors associated with significant fibrosis are shown in the Supporting Table S3a (APRI > 1.5) and 3b (FIB-4 > 3.25). On multivariate analysis using a cut-off of either APRI > 0.5 or FIB-4 > 1.45, an increased risk of fibrosis on follow-up was significantly associated with deferred ART, male gender and hepatitis co-infection. Having a history of alcoholism or other substance abuse and having a higher ALT (SGPT) were associated with increased risk by APRI only, and being from a high-income country, having lower albumin, having higher total cholesterol and having higher triglycerides were associated with increased risk by FIB-4 only.
We found no difference in the development of fibrosis during follow-up stratified by baseline BMI, body mass index; CI, confidence interval; IQR, interquartile ratio; OR, odds ratio. *Nadir CD4 count was not included in the multivariable models because it was highly correlated with baseline CD4 count. † Cirrhosis or chronic liver disease.
HIV RNA level (<100,000 vs. ≥100,000) (interaction P-value = 0.68 for APRI and 0.25 for FIB4; Supporting Table S4 ). We also evaluated HIV RNA suppression (<200 copies/mL vs. ≥200 copies/mL) as a time-updated variable and found no interaction between treatment group and HIV suppression. Using APRI, the <200 copies/mL vs. ≥200 copies/mL time-updated OR (95% CI) for fibrosis in the immediate arm was 0.86 (0.52 -1.43), P-value = 0.57 and the deferred arm OR (95% CI) was 0.76 (0.58 -1.00); P = 0.051, with an interaction P-value = 0.81. Using FIB-4, the <200 copies/mL vs. ≥200 copies/mL time-updated OR (95% CI) for fibrosis in the immediate arm was 0.66 (0.37 -1.19); P = 0.17 and the deferred arm OR (95% CI) was 0.60 (0.44, 0.81); P < 0.001, with an interaction P-value = 0.87. There was no difference in changes in APRI or FIB-4 from baseline by pre-specified ART regimens that included a protease inhibitor versus a non-nucleoside reverse transcriptase inhibitor (P-value for interaction between treatment arm and ART group = 0.32 for FIB-4 and 0.53 for APRI) (Supporting Table S5 ). The number and proportion of patients assigned to each pre-specified regimen is shown in Supporting Table S6 .
DeVelopMeNt oF otHeR lIVeR-RelateD eVeNtS oVeR tIMe
Significant fibrosis (APRI > 1.5 or FIB-4 > 3.25) was analysed among 4,322 participants (2,151 in the immediate arm, 2,171 in the deferred arm); 258 were excluded because 52 had significant fibrosis at baseline and 206 did not have follow-up APRI or FIB-4 results (Fig. 2B) . There was no difference in the incidence of significant fibrosis during follow-up between the two groups (HR 0.78; 95% CI 0.51-1.20; P = 0.26); this was similar when analysed by individual marker type (Fig. 3B) .
Hepatic flare was analysed among 4,368 participants (2,171 in the immediate arm, 2,197 in the deferred arm); 182 were excluded because they did not have a follow-up ALT and 30 were excluded because they had an ALT greater than five times the upper limit of normal at baseline (Fig. 2C) Resolution of abnormal baseline APRI and FIB-4 scores over time was evaluated among participants with APRI > 0.5 or FIB-4 > 1.45 at baseline and at least one follow-up measure available (340 in the immediate arm, 344 in the deferred arm) (Fig. 2D) . By both APRI and FIB-4, liver fibrosis markers normalised faster among those in the immediate ART group vs. the deferred therapy ART group (HR 1.58; 95% CI 1.31-1.91; P < 0.001). This difference was also significant when analysed by marker type (Fig. 3C ). Among participants with APRI > 0.5, normalization occurred at a rate of 56.6 per 100 person-years in the immediate arm compared with 40.9 per 100 person-years in the deferred arm (HR 1.63; 95% CI 1.32-2.02; P < 0.001). Among participants with FIB-4 > 1.45, normalization occurred at a rate of 40.6 per 100 person-years in the immediate arm compared with 27.1 per 100 person-years in the deferred arm (HR 1.62; 95% CI 1.28-2.05; P < 0.001).
The incidence of Hepatitis B and C over time was evaluated among participants who tested negative at baseline (2,122 participants in the immediate arm and 2,166 participants in the deferred arm) (Fig. 2E, 2F ). There was no difference in the development of Hepatitis B or C during follow-up (HR 0.89; 95% CI 0.50-1.59; P = 0.70). Hepatitis B incidence was 0.1 per 1000 person-years in the immediate arm compared with 0.8 per 1000-person-years in the deferred arm (HR 0.2; 95% CI 0.02-1.4; P = 0.10) and the incidence of Hepatitis C was 3.0 per 1000 person-years in the immediate arm compared with 2.8 per 1000 person-years in the deferred arm (HR 1.07; 95% CI 0.6-2.0; P = 0.83).
Overall, there were few other liver-related clinical events reported over follow-up with only one case of hepatocellular carcinoma and no deaths due to liver disease.
Discussion
In this large cohort of subjects with HIV and high CD4 counts, we found that approximately 84-94% of patients had APRI or FIB-4 scores at baseline that ruled out significant fibrosis, indicating overall low rates of liver fibrosis in our study population. In addition, over the long period of follow-up in the START study, very few patients developed indicators of worsening liver disease such as the development of increased fibrosis scores (APRI > 0.5 or FIB-4 > 1.45), significant fibrosis (APRI > 1.5 or FIB-4 > 3.25), hepatic flare, or infection with Hepatitis B or C. Further, our data suggest that early initiation of ART may improve, rather than worsen liver health outcomes in persons with HIV, as measured by non-invasive fibrosis scores. Non-invasive biomarkers have been used to measure hepatic fibrosis in patients with HIV monoinfection. (14, 22) Our results are likely in line with other published studies, though our patient population consisted of ART-naïve patients with or without liver disease at baseline, which is different from other studies. Several studies have selected populations of HIV monoinfected patients with abnormal liver function tests, (22, 29) resulting in increased prevalence of fibrosis in the study population. In addition, many studies report data on liver health among HIV populations with significant exposure to ART. (5, 8, 14, 22, 28, 30, 31) Most studies have identified traditional risk factors for abnormal liver enzymes in patients with HIV mono-infection such as metabolic syndrome (7, 32) and some have found an association with HIV-related factors such as increased HIV viral load and exposure to certain antiretrovirals. (8, 33) While the APRI and FIB-4 were not always in agreement, our baseline analysis identified key variables known to be associated with an increased risk of liver fibrosis, including older age, male gender, black race, abnormal ALT, co-infection with hepatitis and a history of known liver disease. Interestingly, our results with regard to markers of metabolic syndrome were mixed. While having higher total cholesterol and being from a high-income country (consistent with metabolic syndrome) were associated with higher risk of fibrosis, having higher HDL and lower albumin and lower low-density lipoprotein (LDL) were also associated with a higher risk of fibrosis using these noninvasive markers. Furthermore, a lower CD4 at baseline was associated with greater likelihood of abnormal fibrosis scores. One possible explanation is that patients with advanced immunodeficiency (lower weight, lower CD4) had lower platelet counts that falsely elevated fibrosis scores. However, the median platelet count at baseline was 232, with a very low proportion having Grade 1 or higher abnormalities. Factors predicting development of abnormal fibrosis scores over follow-up were more traditional, with male gender, hepatitis co-infection, history of alcoholism or other substance abuse, being from a high-income country, and having higher ALT, total cholesterol, and triglycerides all being associated with a higher risk, though having lower albumin was also found to be associated with higher risk. It is important to note that APRI and FIB-4 did not always identify the same variables; therefore, the use of serum biomarkers to predict or exclude fibrosis in a specific clinical setting should be done based on validation of that particular algorithm within the setting of interest, as performance may vary depending on population characteristics.
Our finding that early initiation of ART improved liver fibrosis scores is worth further exploration. Older ART agents have been shown to cause direct hepatocellular damage, mitochondrial toxicity, and insulin resistance, as well as be associated with liver disease. (5, 8, 15, 17, 28, 30) However, uncontrolled HIV viremia has also been shown to be associated with liver fibrosis, (12, 13, 30, 31) suggesting that ART, particularly modern agents, may be protective against developing liver fibrosis. Relative to other studies in people with HIV, all of our participants were ART-naïve and had ALT, alanine aminotransferase; BMI, body mass index; CI, confidence interval; OR, odds ratio. *OR for APRI > 0.5 at any point during follow-up, stratified by the number of follow-up measurements available. † Cirrhosis or chronic liver disease (history of hepatic steatosis was not included in the follow-up analyses because no one with FIB-4 > 1.45 and only 1 person with APRI > 0.5 had hepatic steatosis. ‡ In the Deferred ART group, 0 participants with a history of liver disease had a follow-up APRI > 0. 5. high CD4 counts at baseline. Therefore, our study population is likely to have had HIV for a shorter period of time than other study populations, meaning shorter cumulative exposure to HIV viremia, immunodeficiency, and immune activation and, as a result, possibly less HIV-associated liver fibrosis. In addition, our study population was not exposed to older nonnucleoside reverse transcriptase inhibitors and protease inhibitors that had higher risks of hepatotoxicity, and the newer prespecified regimens used in our study likely had less hepatotoxicity than regimens used by participants in other studies who were more likely to have been exposed to older agents. Our findings are subject to several limitations. Our study population only included people with HIV with CD4 counts greater than 500, and the majority of our study population was HIV-monoinfected. Therefore, our findings cannot be generalized to persons with lower CD4 counts or persons with viral hepatitis co-infection. Low numbers of patients with significant fibrosis limits our ability to evaluate for factors associated with significant liver fibrosis or whether there is a benefit of early ART initiation in reducing its development in this patient population. There were few patients in the cohort with other significant liver health outcomes, such as hepatocellular carcinoma or liver-related deaths, so we were unable to evaluate the effects of ART on these uncommon outcomes. In addition, our results are limited by a relatively short follow-up, as the trial was stopped early; therefore, our results cannot necessarily be applied to persons on ART for longer durations.
A major limitation to our findings is the utility of the noninvasive markers as measures of liver fibrosis. BMI, body mass index; CI, confidence interval; OR, odds ratio. *OR for APRI > 0.5 at any point during follow-up, stratified by the number of follow-up measurements available. † Cirrhosis or chronic liver disease (history of hepatic steatosis was not included in the follow-up analyses because no one with FIB-4 > 1.45 and only 1 person with APRI > 0.5 had hepatic steatosis.
Although APRI and FIB-4 are two widely used and accepted noninvasive fibrosis scores, (6, 14, 22) their results must be interpreted with caution. Neither is considered to be as accurate as liver biopsy or transient elastography, (6, 25) and both APRI and FIB-4 have "intermediate" scoring ranges that cannot be interpreted to either rule in or rule out liver fibrosis. (20, 21) In addition, these composite scores depend on their individual components, such as AST, ALT, and platelets. When combined in algorithms, these components have clearly been shown to correlate with fibrosis on more traditional measures such as liver biopsy; however, they may be affected individually by other processes, including the introduction of ART and subsequent changes in viral load and inflammation. As a result, using longitudinal changes in these scores to confirm true hepatic fibrosis development or regression should be done with caution. Supporting this is the fact that changes in fibrosis scores in our study were observed at relatively early time points during the study (as early as 12 to 24 months), when true fibrosis may take longer to develop. Unfortunately, the START study was stopped early, and longer follow-up to see if these changes were maintained was not possible. Early termination of the study is also why the numbers reduced significantly over follow-up. Despite this, the difference between the arms was maintained, even though statistical significance was lost.
Despite their limitations, APRI and FIB-4 scores have been widely validated in other settings and, at baseline, are likely to truly reflect a lack of significant fibrosis in this population. This is supported by the identification of factors known to be associated with liver disease in our study. Whether the subsequent changes truly reflect hepatic fibrosis development or some improvement in inflammation linked to ART commencement is unclear. While ART is known to improve HIV-induced thrombocytopenia, only 1.9% of our study participants had a Grade 1 or higher platelet abnormality, indicating that any effect of ART on thrombocytopenia in our study population would have been small. We also examined the results by HIV RNA suppression but found no effect, suggesting that if the benefit is related to HIV control, it is more complex than just RNA suppression. Regardless of the cause, our findings confirm a benefit to starting ART on these markers and therefore a potential benefit to subsequent fibrosis development.
Conclusions
We report data on liver fibrosis as measured by noninvasive liver fibrosis scores in previously untreated persons with HIV and high CD4 counts. In this largest study of its kind in predominantly HIV-monoinfected individuals, significant liver fibrosis was rare, and both fibrosis and other liver-related events continued to be uncommon over 14,379 person-years of follow-up. We also found a potential benefit in reducing markers of liver fibrosis among persons immediately treated with ART and confirmed the lack of hepatotoxicity of the ART regimens used in this study. Our results support current guidance to initiate ART in all patients with HIV regardless of CD4 count, particularly considering that modern ART regimens have lower rates of hepatotoxicity than older regimens. Patients with elevated risk, such as those with hepatitis B and hepatitis C co-infection and those with NAFLD and existing steatosis, should be particularly prioritized for treatment to possibly reduce progression of liver fibrosis and to preserve overall liver health.
